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ABSTRACT 

The thermal  expansion, density, thermal  diffusivity, and 

specific heat of various tungsten-uranium dioxide composites 

were  measured f rom roomtempera ture  t o  very  hightemperatures .  

Because of the sample geometry,  it was necessary  to account for  

the finite pulse t ime effects in the thermal  diffusivity measu re -  

ments.  The mathematical expression for  a square  wave energy 

input was derived and experimentally verified. 

ductivity values were calculated f r o m  the density, specific heat, 

and diffusivity resu l t s .  

Thermal  con- 
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T H E M &  PROPERTIES O F  TUNGSTEN-URANIUM DIOXIDE M.IXTURES 

by 
R. E. Taylor 

~ Atomic s International 
Div. North American Aviation, Inc. 

SUMMARY 

The objective of this program was to determine the thermal expansionand 

thermal conductivity, from room temperature to  5000" F, of four composites 

(viz: 10, 20, 30, and40vol 70) of uranium dioxide in a tungsten matrix. 

The thermal expansions of the four composites were measured over this 

temperature interval, and equations for the results a re  given. 

between measured and calculated values i s  generally within 5700; but in a few 

cases, is  as high as  870. 

very close t o  that of pure tungsten. 

The agreement 

The expansions of these mixtures are ,  as expected, 

The thermal conductivity was not measured directly. Instead, the diffu- 

.sivities of the various mixtures were measured, and the thermal conductivities 

were calculated as  the product of the specific heat, density, and diffusivity. 

The density and diffusivity were not corrected fo r  thermal expansion. The 

expansion increases the diffusivity by the square of the increase in length of 

the sample, and decreases the density by the cube of this quantity. 

the net effect is a 2% error  in the thermal conductivity values at high tempera- 

tures. 

considered unnecessary to  correct the density and diffus,ivity values. 

Consequently, 

Since this i s  well within the *9% uncertainty in the conductivity, it was 

Conductivity values were also calculated using the Bruggeman variable - 
These results are higher than the experimental values 

In addition, 

dispersion equation. 

obtained from this study, partly because of anisotropic effects. 

the thermal conductivity of tungsten i s  not known accurately, and this may be 

the cause of some of the discrepancy. 

The electrical resistivity of the 80 W - 2 0 U 0 2  mixture was measured, and 

the results were used to calculate the contribution of free electrons to the total 

conductivity. 

to electrons. 

It was found that the major portion of the heat transport isdue 
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I .  INTRODUCTION 

I 

Space mission analyses indicate that the thrust  requirements  of some space 

exploration vehicles can be met  through the use  of nuclear propulsion systems. 

Advanced concepts of nuclear rockets require  high operating tempera tures  f o r  

higher thrust  and lower engine weights. 

presently being studied at the Lewis Research  Center of NASA.l This concept 

is based on the use of tungsten-uranium dioxide (W-UO ) composites for  the 

fuel element materials.  These composites a r e  current ly  being fabricated in 

the f o r m  of plates which a r e  useful in initial studies to  determine thebehavior 

of this combination of mater ia l s  at elevated temperatures .  

A thermal  nuclear rocket concept is  

2 

To aid preliminary design analysis of this  reac tor  concept, a knowledge of 

the propert ies  of W -UO composites is desirable.  F o r  this purpose, high- 

temperature  mechanical propert ies  of various W -UO composites a r e  being 

determined at the Lewis Research Center.2 Certain physical propert ies  of 

various W -UO composites have been studied at Atomics International, under 

NASA contract NAS3-4280. 

the thermal  expansion and thermal  conductivity values f r o m  room tempera ture  

to  5000°F for  four compositions (viz., 10, 20, 30, and40 vol 70)- of uranium 

dioxide dispersed in a tungsten matrix. 

on the s ize  and nature of the dispersed par t ic les  and on the fabricationhistory 

of the composites, the values determined in this  p r o g r a m  a r e  t o  be considered 

only as indicative of the propert ies  of the mater ia l s  to  be  used in the actual 

fuel elements. 

2 

2 

2 
The specific objective of this study was to  determine 

rl. 

Since these values are highlydependent 

The present  report  constitutes the final technical summary  of the experimen- 

tal work performed in this  physical property evaluation program. 

the thermal  expansivities of four W -UO 

by measuring the relative l inear  displacements of plate-type specimens as a 

function of temperature.  

directly, the sample configuration was not amenable to  this  type of measurement .  

Therefore,  to simplify the thermal  conductivity determinations,  this property 

In th i s  study, 

composites were  determined directly,  2 

Although thermal conductivities can a l so  be  measured  

*In this report, percentages are expressed a s  volume percent (vel%), and tungsten is listed first.  
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was obtained by measuring the thermal diffusivity (a), and calculating the thermal 

conductivity (k) f rom the relation: 

k = @ c  d , 
P .  

. . .(1) 

where c Since this m-ethod is as re- 

liable as  measuring the thermal conductivity directly, the former method was 

chosen for this program, 

thermal diffusivity, and specific heat. 

reported herein. 

i s  the specific heat and d is the de~s i ty .  
P 

This technique required measurement of density, 

The results of these measurements are 
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0 -  

a. 90 W - 10 UOz 
(Photo Supplied by 

NASA) 

I 1mx I 
R123 

b* 80 W - 2 0  U 0 2  

R1116 

C .  70 W - 30 U 0 2  d. 60 W - 40 U 0 2  

(Photo Supplied by 
NASA) 

Figure 1. Photomicrographs of W-UO Mixtures 2 
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I I .  MATERIALS 

The test materials used in this study were fabricated in the form of plates, 

about 0.030 in. thick. 

tered compacts of about 60% of theoretical density. 

Powder metallurgy techniques a re  used to  produce sin- 

Batch sintering these com- 

The densities of the samples used in this study were determined by the 

standard water displacement method. 

dix I, and are  compared to the theoretical values in Figure 2. The densities 

of the 70-30 and 60-40 mixtures a re  greater than the theoretical density 

These results a re  summarized in Appen- 

uo, (Val %I 

Figure 2. Density of W-U02 Mixtures 
247-4708 

for  W-UO 

Because of the small sample size used f o r  the 70-30 mixture (c0.2 g, Appendix I), 

the density obtained for this mixture may not be representative of thebulkmate- 

rial  of this composition. Since the densityvalues obtainedinthis study a re  close 

to the theoretical density of the material, the theoretical vakcles were used far 

conductivity calculations. 

compacts due to  the tungstencladding onthe surfaces of the samples. 
2 
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751 3- 1884 

a. Photograph 

2487-4725 

b. Specimen Holder 

(F igures  Unclassified) 
Figure 3. Thermal  Expansion Furnace 



111. THERMAL EXPANSION 

I A. APPARATUS AND EXPER.JMENTAL PROCEDURES 

The test equipment for measuring linear thermal expansions to  very high 

temperatures i s  described in detail in the l i t e r a t ~ r e . ~  Measurements are  made 

by observing the relative displacements of fiducial marks on the opposite ends 

of 5-in. long specimens as  they a re  heated in a graphite tube furnace. 

ments a re  measured with two telescopes fitted with filar eyepieces, capable of 

accurately and reproducibly measuring to  +0.00005 in. 

allowed to  expand freely on a tungsten holder, within a tantalum tube which pro- 

tects them from contamination. 

vacuum (1  rnm Hg) to  200 psi. 

about 2 hr are  required to reach a new set temperature and stabilize the furnace. 

The thermal gradient across the sample varied with temperature, being about 

6 0 ° F  at 1000°F and 2 0 ° F  at 2000°F. 

Displace- 

Samples a re  usually 

The furnace atmosphere is controllable from 

Often, dried argon at 50 ps i  is  used. Generally, 

This apparatus, which is shown in Figure 3, has been used to measure the 

expansions of molybdenum, tantalum, and graphite to  6500" F.5 Recently, data 

on the carbides of silicon, boron, and titanium, as well as the oxides of aluminum, 
magnesium, and beryllium, were obtained. 6 J 7  

B. RESULTS 

The results for the 90-10, 80-20, and 70-30 mixtures a re  presented in 

Figure 4. 

ing U 0 2  content. 

to that of pure tungsten than it is to  an averaged expansion of tungsten and UO 

In fact, the expansion of the 90-10 mixture is very close to the expansion of 

pure tungsten. 

of the 90-10 mixture is 0.60570, while the expansion of U 0 2  is  1.27'f'o at this tern- 

~ e r a t u r e . ~  An average expansion of the 80-20 mixture is 0.7470 at 2190"F, while 

the observed expansion i s  only 0.647'. 

is very close to that of the 80-20 composition. 

The coefficient of expansion of the mixtures increases with increas- 

However, the expansion of all of these &xtures is muchcloser 

2 '  

8 For example, at 2190"F, the expansion of W is 0.60% and that 

The expansion of the 70-30 composition 

The least-square equations for the expansion of the 90-10, 80-20, and 

70-30 compositions, for  6 0 ° F  <t (OF) < 5000"F, are: 

11 
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O I  / DESIGNATION SAMPLE 

e 90 W - I O U 0 2  
-&- 00 W -  20U02  - 70 W - 3 0 U 0 2  

A 80 W - 20U02 (EDGE 

---- U02. --- w 
*ANS TRANSACTIONS 
5 NO I (JUNE 1963) 
PAGE 153 

I 1 I I I I I I I 

0 500 1000 1500 2000 2500 3000 3500 4 0 0 0  4500 
TEMPERATURE (OF) 

2487-4709e 

F i g u r e  4. Thermal Expansion of 90 W - 10 U 0 2 ,  8 0  W - 20 U 0 2 ,  
and 70 W - 30 U 0 2  M i x t u r e s  

2 4  I I I I I I I I I 

SUBSEQUENT RUNS P 

00 
TEMPERATURE (OF) 

2487-47 10 

F i g u r e  5. T h e r m a l  Expansion of 60 W - 4 0  U O  M i x t u r e s  
2 

12 

~ 



90-10: 7'0 expansion = - 1 . 7 4 8 ~ 1 0 - ~  + 2.8997x10m4t - 3 . 5 9 3 2 ~  10 -9 t 2 t 

-12t3 2.1028 x 10 . . . (2 )  

-2 -8 2 80-20: 70 expansion = -2.321 x 10 + 3.9013 x 10'4t - 6.0273 x 10 t + 

. . . (3)  - 1 lt3 1.1362 x 10 

~ -8 2 
70-30: 70 expansion = - 1 . 7 1 2 4 ~ 1 0 - ~  t 2 . 8 3 8 7 ~ 1 0 - ~ t  + 1 . 0 8 1 7 5 ~ 1 0  t t 

. . . (4) - 13,3 7 . 4 0 9 1 ~  10 

These equations are plotted with the experimental data in Figure 4. 

By differentiating these equations with respec t  t o  t, and accounting for  the 

factor of 100 which changes percent  expansion to  the decimal, one obtains the 

equations which express the coefficient of expansion as a function of tempera-  

ture  for each of these compositions: . 

90-10: coeff. of expansion = 2 . 8 9 9 7 ~  - 7 . 1 8 6 4 ~  10-l1t + 

- 14t2 6 . 3 0 8 4 ~  10 . . . (5) 

-6 80-20: coeff. of expansion = 3.9013 x 10 - 1.20546 x 10-9t + 

- 13t2 3.4086 x 10 . . (6)  

70-30: coeff. of expansion = 2.8387 x + 2 . 1 6 3 5 0 ~  10-lOt  + 

- 14t2 2.22273 x 10 - . . (7) 

For example, the coefficient of expansion of the 90-10 mixture at 2000°F is  

3 . 0 1 ~ 1 0 - ~ / " F .  

The initial expansionof one of the samples of the 60-40 mixture, (circles on 

F igu re  5) was ve ryc lose to  that ofthe 80-20 and70-30 compositions. 

thermal ~ X ~ I L S ~ O A  measured during subseqcezt  runs en the same specimen 
However, the 
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(tr iangles,  Figure 5) and f o r  all runs on a second sample (squares ,  Figure 5) were  

appreciably above the initial values. 

understood, but may b e  due to s t ress-rel ief  during the initial heating to  4200" F. 

The equationfor the expansion, measured during all but the one initial run, is  

The reason €or this  behavior is  not 

I 14 

-8  2 60-40: 70 expansion = - 2 . 3 3 2 3 ~  l o m 2  + 3 . 8 9 0 6 ~  10-4t - 1 . 4 7 5 5 ~  10 t t 

. . . ( 8 )  - 12,3 4.8042 x 10 

The expansion of the 80-20 mater ia l  was measured in the width direction at  

high temperatures .  

u r e  the expansion below 3 7 0 0 ° F  with sufficient accuracy. 

above that temperature  show that the expansion i s  isotropic.  

a r e  included on Figure 4. 

Due to the sample dimensions, it was not possible to meas -  

However, the data 

These data points 



IV. SPECIFIC HEAT 

A. CALCULATED VALUES 

Specific heat values of the various composites were obtained by suitable av- 

eraging of the specific heats of the two components (Knoop's rule).  

the specific heats of tungsten and U 0 2  areknownto withinafewpercent. 

sequently, the calculated specific heats should be accurate to within A470. 

results a r e  plotted in Figure 6 .  

Fortunately, 

Coli- 10,11 

The 

B. ENTHALPY 

The most common technique for determining the specific heat is  to  measure 

the increase in enthalpy as a function of temperature, by means of a drop calo- 

rimeter. The specific heat, which is the slope of the enthalpy curve, may.then 

be determined graphically o r  by differentiating the equation which expresses 

the enthalpy data. 

the reverse procedure was followed (i.e., the equation which expresses the 

.specific heat of the 80-20 mixture was obtained by a computer, and was integra- 

ted to  obtain enthalpy values which were checked against experimental enthalpy 

values). 

measured by Thermatest Laboratories. 

e r rors  associated with them, because the enthalpy of the graphite crucible used 

to  hold the sample constituted an appreciable portion of the total measured 

enthalpy. The other points, which were obtained using a copper crucible, were 

subject to much less error,  because of the smaller enthalpy of the cop?er cru- 

cible. 

added to the uncertainties caused by the enthalpy of the crucible, the enthalpy 

values overlap the calculated values above 800" F. Consequently, the calcu- 

lated specific heat results were used in the subsequent thermal conductivity 

calculations . 

In order to check the validity of the specific heat calculations, 

The results a re  plotted in Figure 7. The enthalpy was experimentally 

Three of the enthalpy points had large 

When the normal measuring errors,  which a re  estimated at +570, a re  

15 
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Figure  6 .  Specific Heat of W - U 0 2  Mixtures 
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0 
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2487-47 12 

Figure 7. Enthalpy of 80 W - 20 U02Mixtures  
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V. THERMAL DlFFUSlVlTY 

A. APPARATUS 

The flash diffusivity method, which was originally described by Parker 

~ 

~ 

-- et a1.,l2 was used for  the thermal diffusivity measurements. 

a pulse of energy is radiated to the front face of a disk-shaped sample, and the 

resulting temperature history of the rear face is used to determine adiffusivity 

value. 

tube heater, and the pulse of energy raises the average sample temperature only 

In this method, 

I 

The ambient temperature of the sample is  controlled by a tantalum 

l a few degrees. 

In the original description by Parker -- et al.,I2 a xenon flash lamp was used 
I 

as the energy source 

emitting area i s  so large that optically focusing the energy on a small specimen 

is not very practical. 

which is not convenient at high sample temperatures. 

laser efficiently concentrates the flash lamp energy into a coherent light beam, 

well suited for  irradiating small samples which a re  enclosed within vacuum 

furnaces. 

the flash diffusivity apparatus. 

However, the flash lamp is limited by the fact that the 

~ Therefore, one must keep the flash lamp near the sample, 

On the other hand, a 

I Consequently, our laboratory uses a laser beam energy source f o r  

The rear face sample temperature is measxred with thermocouples up to 

3 100" F, and with a photoelectric detector at higher temperatures. 

and photomultiplier tubes have been used as detectors. Since the recording 

pyrometer has been described in a recent article,13 it will not be discussed 

here. 

Both PbS 

The apparatus is shown in Figure 8. 
over the tantulum tube heater and shield. 

shields a re  shown near the heater. 

holder a re  placed inside the tube heater. The laser i s  shown in the lower left 

hand corner of the photograph, and the recording pyrometer i s  shown lined up 

with the laser and the tube furnace. 

the table. 

A vacuum chamber (not shown) fits 

The mounted sample and radiation 

During a measurement, the sample and 

The vacuum system is located beneath 

17 



7516-1a46 

a. Photograph 

THERMOCOUPLE TUB \ 3 - m i l  THERMOCOUPLE 

TUNGSTEN WIRE 

I .  I *  1 . 1 .  I I 2 

2487-4726 

b. Specimen Holder 

{Figures  Unclassified) 
Figure 8. Thermal  Diffusivity Apparatus 
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B. FINITE PULSE TIME EFFECT 

From the transient response of the rear face temperature, the simple 

relation 

2 2 ,  
9 1 2  = 1.37a / n  . . . ( 9 )  

was obtained by Parker et al., where t is the time required f o r  the backface 

to  reach one-half of its maximum temperature rise, and a is  the sample thick- 

ness. 

within a time duration ( T ) ,  which is short compared to characteristic rise time 

(t,) given by 

1 I 2  

The derivation of Equation 9 assumes that the energy pulse is  received 

. . . (10) 
2 2  tc = a I n  a 

Normally, one chooses an appropriate thickness for a givenmaterial, such that 

tc > 50 T ,  and Equation 9 is  then obeyed within 2%. 

case, the sample thickness had to be held constant. 
each mixture i s  a fundamental property of the material, the characteristic 

time was fixed for  each sample at each temperature. Of course, the char- 
acteristic times varied with composition and temperature. 

of characteristic times for  these materials was from 1 to 7 msec. 

in order to apply Equation 9, 7 should be from 0.02 to 0.14 msec. 

normal duration of the laser burst is from 1.1 to 1.7 msec, this condition is not 

met. 

in an expensive and inefficient operation. 

energyis lost, making it difficult to produce a sample temperature rise sufficient for  

accurate measurements. In addition, extremely rapid response thermo- 

couples and amplifiers a re  required f o r  the measurements. 

mathematical expression which expresses the heat flow was modified to take 

into account the finite pulse time effect. 

However, in the present 

Since the diffusivity of 

However, the range 

Consequently, 

Since the 

It is possible to shorten the laser pulse by means of "Q" spoilers. This 

In fact, about 90% of the available 

Consequently, the 

The general equation which expresses the heat flow in a thin wafer subjected 

to an energy pulse on one side was solved by J. Cape and G. Lehman of our 

laboratory. l4 This equation takes into account both the finite pulse time effect 

and radiation losses from the edges. Cape and Lehman solved the radiationless 

19 
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Figure 9. Finite Pulse Time Corrections 
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Figure 10. Thermal  Diffusivity of Thin 
Samples of Armco Iron 
(F igure  Unclassified) 
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Figure 11. Response of Photocell  and Rear  Face  
Tempera ture  

(F igure  Unclassified) 
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case for a finite sawtooth pulse. 

revealed that it closely approximated a square wave. 

sary to  solve the general expression for a square wave energy input. 

done in Appendix III. 

However, an examination of the laser pulse 

Therefore, it was neces- 

This is 

Because there are  three variables (tc, 7, and t) instead of two, it is not 

possible to plot t/tc E 6(a,r,t)/G(a,r,m) where G(a,r,t)/G(a,r,a) is the ratio of the 

rear  face temperature rise to  the maximum rise, as Parker -- et al. did when 

they determined that, when this ratio equals 0.5: 

t = t l j z  = 1.37 tc . . . (11) 

When one substitutes Equation 1 0  into Equation 11, one obtains Equation 9, 
which is the expression used to calculate diffusivities f rom the experimentally 

measured half-time when T i s  small compared to  t . 
ever, it is  possible to plot 7/tc 

calculate tc, and hence Q, f r o m  the experimentally measured values of T and 
In order to  obtain such a curve, one must f irst  plot values of G(a,r,t)/ 

6(a,r,m) for selected values of T/tc, by varying the values of t / tc in Equation 22 

(AppendixIII). 

the selected values of ~ / t ; .  

Inthe present case, how- 
C 

t1/2/tc,  to yield a curve which can be used to 

5 / 2 *  

Fromtheseplots, the value of t1,2/tc is determined for each of 

The graphs of T / t c  E t l /2/ tcfor  a square wave and sawtooth energy pulse 

a re  shown in Figure 9. 
example, that, when the pulse time is 0.8 of the characteristic time, the numer- 

ical factor is  1.785, instead of the 1.37 value used when pulse times a re  short 

The curve for the square wave energy input shows, for 

compared to the characteristic time. 

of 30% is involved in neglecting the effect of the finite pulse time. 

For  this particular case, then, an e r ror  

The validity of the described procedure was verified experimentally using 

Armco iron, which is the generally accepted thermal conductivity standard. 

Since the diffusivity of Armco iron decreases rapidly with increasing tempera- 

ture, the characteristic time has a strong temperature dependency. Of course, 

the characteristic time can also be changed by varying the sample thickness. 

Consequently, it is  possible to check the mathematics by either measuring the 

diffusivity of samples of different thickness o r  by measuring the diffusivity of 

the same sample at different temperatures. 

the results shown in Figure 10. 

Both methods were used to obtain 

The solid line represents the literature value, 
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the solid p i n t s  represent  the values obtained f r o m  the experimental values of 

7 and t1/2' and the unfilled points represent  the uncorrected data. 

represent  values of r/t  
tempera ture  a r e  in e r r o r ;  because the l a se r  pulse i s  not a true square wave, 

but l i es  somewhere between a square wave and a sawtooth function. This i s  

i l lustrated in Figure 11, which shows the photocell output f r o m  the time the 

f lash lamp f i r e s  until the output re turns  to its base  line, and also shows the 

r e a r  face temperature  response.  For the first 1 / 2  msec  following the initiation 

of the flash lamp discharge, the laser crys ta l  acts as a "light pipe." Although 

this energy is apparent to the photocell, it i s  insignificant as far a s  heating the 

sample is concerned, and the pulse width and half-time a r e  measured f r o m  the 

initiation of the laser  action, as indicated in the figure.  

curves  f r o m  two separate experiments a r e  shown in F igure  11. 

measured  f r o m  the lower curve can be  expected to  be  influenced to  a g rea t e r  

extent by the deviation of the l a se r  pulse f rom a t rue  square wave, since the 

rear face temperature  i s  rising during the l a s e r  action. 

t r u e  correct ion for this curve l ies  between the correct ion curves  for the square 

and sawtooth energy pulses shown in Figure 9. This causes  the cor rec ted  data 

to  be  severa l  percent high when the half-time is only 1.5 t imes  the pulse width. 

These data 
ranging f r o m  0.3 to  1.5. Some of the values at room 

C 

The experimental 

The half-time 

Consequently, the 

C. RESULTS 

It was planned originally to  use  the photoelectric pyrometer  for  the high- 

tempera ture  (i.e., > 2500" F) measurements ,  and thermocouples for  the low- 

tempera ture  measurements .  

saturation for 10 msec following the l a se r  pulse.  

with obtaining results on samples of 0.1 in. thickness, where the r i s e  t ime i s  

usually severa l  hundred milliseconds, it prevented the obtaining of data for  the 

thin samples,  since the i r  r i s e  t ime is  l e s s  than 10 msec .  Although this  problem 

could be overcome by modifying the apparatus and obtaining a se t  of l a s e r  in te r -  

fe rence  f i l t e rs ,  cost and time elements prevented this  being done within the 

scope of the present contract .  

to the use of thermocouples. 

couples were substituted for the Chromel-Alumel thermocouples, in o r d e r  to  

extend the practical  range to  3800°F. The diffusivity data a r e  so well-behaved 

that the resu l t s  can be  confidently extrapolated to  at  l eas t  4500°F, and th i s  was 

done for  the purpase of estimating the thermal  conductivity up to  this  t empera -  

t u re .  

However, the photoelectric pyrometer  went into 

While this  does not interfere  

Consequently, the measurements  were l imited 

However, tungsten-tungsten/Z6% rhenium thermo-  
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The results for two samples of the 90-10 mixture a re  shown in Figure 12. 
2 The diffusivity decreases smoothly from 0.471 cm /sec at  100°C (212°F)  to 

0.220 cm /sec at  2000°C (3632°F): The maximum scatter in the data from the 

smooth curve is 1070, and the usual scatter is  within 5%. 

2 

The results for the 80-20 mixture are shown in Figure 13. 

thicknesses (0.0281 and 0.0605 in.) were used in these experiments. 

thickness enters into the equation as  the square term, the use of these two 

thicknesses is  equivalent to  changing the experimental conditions by a factor of 

four. Consequently, the agreement between the results for the two thicknesses 

Two different 

Since the 

constitutes a verification of the experimental values. The diffusivity of the 

80-20 mixture decreases from 0.313 cm /sec at 100°C to 0.197 cm /sec at 

2000" c. 
2 2 

The diffusivity of the 80-20 mixture was also measured in the length direc- 

tion, and it was found to be significantly greater than that measured in the 

width direction. 

measurements made in the length direction do not require the finite pulse time 

correction discussed previously. However, due to heat loss from the sides of 
the specimen, the measurements are  limited to  low temperatures. 

the measurements show that the thermal conductivity, unlike the thermal expan- 

sion, is anisotropic, with the thermal conductivity in the length direction being 

20 f 10% greater than the conductivity in the width direction. 

This i s  shown in Figure 13.  Because of the sample geometry, 

Nevertheless, 

The results f o r  the thermal diffusivity of the 70-30 mixture a re  given in 

Figure 14, and the results fo r  the 60-40 mixture a re  given in Figure 15. 

reproducibility of these data i s  better than that obtained on the 90-10 and 80-20 

mixtures, because of the lower diffusivities and consequently longer character- 
istic times. 

The 
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VI. THERMAL CONDUCTIVITY 

A. VALUES OBTAINED FROM MIXTURE CALCULATIONS 

Numerous equations have been derived fo r  the calculation of the thermal 

conductivities of mixtures, based upon the conductivities of the components. 

These equations have been summarized by Powers, 

according to the basic assumptions concerning the nature of the mixture. 

equations, the Bruggeman variable -dispersion, the Bgtcher, and the Meredi'h 

and Tobias, were investigated, since the assumptions made in their derivations 

a re  believed to be approximately true in the case of the W-UO dispersions. 

15 who classified the equations 

Three 

2 
The Bruggeman variable -disper sion equation, which assumes that spherical 

particles a re  imbedded in a continuous phase, is given by 

1-P1 = 
1/3 

. . . (12) 

where: 

- 
- 
- 

K1 - 

K2 - - 
- - 

volume fraction of 

conductivity of the 

conductivity of the 

conductivity of the 

the discontinuous phase 

discontinuous p ha s e 

continuous phase 

mixture. 

For any given temperature, K1 and K a re  constant. 

sible to plot Km as  a function of Ply in order' to determine the conductivity of 

any composition. 

values, obtained by BMI on 50-50 and 30-70 ~ 0 1 %  W-U02 mixtures,16 a re  also 

shown in the figure. 

experimental results for both compositions. 

i s  shown in Figure 17. 

resul?s a re  only a few percent different from the calculated values at 800" C. 

No experimental values were determined by BMI above 1000" C. 

Consequently, it is pos- 2 

Figure 16 is such a plot for W-zTOz at 200"G. Experhental 

The calculated values a re  approximately ZO'% above the 

A similar plot fo r  800 and 1200°C 

From this figure, it can be seen that the experimental 

16 

BEtcher l5 devised an equation, based on the assumption that eachparticle 

is surrounded by a medium of Km, and not necessarily surrounded completely 

by the opposite phase. It is: 
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K2 - K 1  
K - K 1  

m - 
3K m - p 2  K2 t 2Km ' . . . (13) 

The results fo r  W-U02  at 200°C a r e  given in Figure 16, and the results 

at 800°C a r e  included in Figure 17. 
tween the experimental results and the calculated values i s  better at 2 0 0 ° C  for  

the Botcher equation, and better at  800" C for the Bruggeman variable-dispersion 

equation. 

It should be noted that the agreement be- 

Recently, Meredith and Tobias,15 using the Maxwell equation, derived a 

dispersion equation for  variable concentrations, based on the assumption of 

only two particle sizes, rather than a large number of particle sizes, as  assumed 
in the Bruggernan variable -disper sion equation. Their equation is: 

As shown in Figure 16, the results of this equation are  very close to  that of 

the Bruggeman variable -disper sion equation. 

The experimental results f o r  the present samples a re  compared to the 

values calculated, using the Bruggeman variable -disper sion equation in the 

following sections. 

B. VALUES OBTAINED FROM THERMAL DIFFUSIVITY 

Equation 1 was used to  compute the thermal conductivities of the various 

mixtures. These calculations are  summarized in Appendix V. 

The results for the 90-10 and 70-30 mixtures a re  plotted in Figure 18, and 

the results f o r  the 80-20 and 60-40 mixtures a re  plotted in Figure 19. 
conductivities of each of the mixtures decreases with increasing temperature; 

and, as  noted in Section V, the conductivity i s  anisotropic. 

The 

The calculated values for km a re  also plotted in Figure 18 and 19. From 

these figures, it can be seen that km is  greater than the experimentally observed 

k. This is due, at least in part, to the anisotropic effect, and is in semiquan- 

titative agreement withpredictions based on Power's report. 
15 
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The experimental thermal  conductivity resul ts ,  for  the various composites 

and for  pure W and U 0 2 ,  a r e  summarized in Figure 20. 

C. VALUES OBTAINED FROM ELECTRICAL RESISTIVITY 

Contemporary theory states that the heat conduction in electrically conduc - 
ting mater ia l s  is  the sum of the electronic conduction (k,) and phonon (latt ice) 

conduction (k ), i.e., 
P 

kt = ke + k 
P '  

. . . (15) 

where k is the total heat conductivity. 

is given by the Wiedemann-Franz relation 

The heat conduction due to electrons t 

where: 

-8 L = a constant, theoretically equal to 2 . 4 5 ~  10 w-hll°K2 

T = the absolute temperature  (OK) 

p = the electrical  resist ivity,  ( 0 - c m )  

. . . (16) 

Although the phonon conduction should follow a 1 / T  law, the re  is  ample evidence 

that it may not do this .  l7 In any event, the total  conductivity must be equal to 

o r  grea te r  than the electronic conductivity alone. 

The electrical  resist ivity of the 80-20 mater ia l  was measured by the dc 
I 

potentiometric drop method, in which the voltage drop caused by the pzssage of 

a dc cur ren t  through the sample is compared to  the voltage drop a c r o s s  a stand- 

a r d  r e s i s to r .  

to eliminate the effects of s t ray  emfs .  
The cur ren t  i s  then reversed  and the p rocess  repeated, in o rde r  

The resu l t s ,  along with l i t e ra ture  values fo r  tungsten, a r e  given in Figure 2 1 .  
These values were used to calculate the the rma l  conductivity contributon due to 

electrons,  and the resu l t s  a r e  plotted in Figure 19. Since the electr ical  r e s i s -  

tivity was measured in the length direction, ke should be compared to the k 

obtained f o r  the length direction. When this  is  done, one notes that ke is  l e s s  

30 



than k, as it should be, and that about 80% of the heat is  transported by electrons 
at 400°C. 16 This is  in good agreement with the results from BMI. 
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Mass  in a i r  (g)  

Mass in water (g)  

Temperature  of 
water ( " C )  

Volume of sample 
( c c )  

Density of sample 
Wee) 

APPENDIX I 
SAMPLE DENSITIES 

90 W - 10 UO, 

2 .1494 

2.0296 

22.1 

0.1204 

17.85 

Sample Composition 

80  W - 20 U 0 2  

1.1880 

1.1192 

0.0692 

17.17 

70 W - 30 U 0 2  

0.1979 

0.1863 

21 .9  

0.0116 

17 ..06 

60 W - 4OUO2 

1.3529 

1.2692 

21.9 

0.0841 

16.09 
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APPENDIX 111 
FINITE PULSE TIME EFFECT 

Using the notation of Cape and Lehman's paper,14 the heat flow can be 

expressed a s  

m = 1,2,3.. . 

m = 1,2,3.. . . 

. . . (18) 



for t > 7 ,  

But, fo r  t = 9 

The refor  e, 
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T e c h n i c a l  R e p o r t s  L i b r a r y  
Washington,  D. C. 

U. S. A t o m i c  E n e r g y  C o m m i s s i o n  (1) 
Techn ica l  In fo rma t ion  S e r v i c e  Ex tens ion  
P. 0. Box 62 
Oak R idge ,  T e n n e s s e e  

NASA L e w i s  R e s e a r c h  C e n t e r  ( I )  
2 1000 B r o o k p a r k  Road  
C leve land ,  Ohio 44135 
Attn: 

NASA A m e s  R e s e a r c h  C e n t e r  ( 1 )  
Moffet t  F i e ld ,  Ca l i fo rn ia  94035 
Attn: L i b r a r y  

NASA F l igh t  R e s e a r c h  C e n t e r  ( 1 )  
P. 0. B o x 2 7 3  
E d w a r d s ,  Ca l i fo rn ia  93523 
Attn:  L i b r a r y  

NASA Goddard  S p a c e  F l igh t  C e n t e r  ( 1 )  
G r e e n b e l t ,  M a r y l a n d  20771 
Attn: L i b r a r y  

J e t  P r o p u l s i o n  L a b o r a t o r y  ( 1 )  
4800 Oak  G r o v e  D r i v e  
P a s a d e n a ,  Ca l i fo rn ia  91103 
Attn: L i b r a r y  

NASA Lang ley  R e s e a r c h  C e n t e r  (1) 
Lang ley  S ta t ion  
Hampton ,  V i rg in i a  23365 
Attn: L i b r a r y  

NASA Manned  S p a c e c r a f t  C e n t e r  ( 1 )  
Houston,  T e x a s  77001 
Attn: L i b r a r y  

NASA M a r s h a l l  S p a c e  F l igh t  C e n t e r  ( 1 )  
Hun t sv i l l e ,  A l a b a m a  35812 
Attn: L i b r a r y  

NASA W e s t e r n  O p e r a t i o n s  ( 1 )  
150 P i c 0  B o u l e v a r d  
San ta  Monica ,  Ca l i fo rn ia  90406 
Attn: L i b r a r y  

Office of Re l i ab i l i t y  and  Qua l i ty  A s s u r a n c e  


